Objectives: To investigate the epidemiological characteristics and the surrounding genetic structure of the bla NDM-5 gene in Klebsiella pneumoniae derived from dairy cows in Jiangsu Province, China.
Introduction
New Delhi metallo-b-lactamase (NDM) represents the latest threat for public health and up to now 16 variants of NDM-type carbapenemases (NDM-1 to NDM-16) have been identified (http:// www.lahey.org/Studies). 1 Among them, NDM-5 was a variant with increased carbapenemase activity in comparison with NDM-1.
2 Since its first report in an Escherichia coli strain (EC045) from a patient in the UK, the bla NDM-5 gene has been identified in E. coli and Klebsiella pneumoniae from India, Algeria, Japan, Spain, the UK, the USA, Dutch, Australia, Denmark, South Korea, Singapore and China, and the associated STs of K. pneumoniae included ST147, ST14, ST16 and ST231. 3 -9 Among these reports, the NDM-5-positive isolates were mainly recovered from human clinical specimens and there was only one case of bla NDM-5 -carrying E. coli isolated from a dog in Bejaia, Algeria. 9 Here we report bla NDM-5 -positive K. pneumoniae isolates recovered from dairy cows in Jiangsu Province of China and investigate the molecular characteristics of these isolates.
Materials and methods

Bacterial isolation and identification, and molecular detection of carbapenemase genes
Samples in this study were collected from three dairy farms, located in the north, centre and south, respectively, of Jiangsu Province in 2015. The three farms represent typical dairy production practices in each region and b-lactam agents were often used to treat bovine mastitis, such as amoxicillin and ceftiofur. Sampling was approved by the Animal Care and Ethics Committee of the Jiangsu Academy of Agricultural Sciences (permit number SYXK2015-0019). Raw milk and faecal samples were taken simultaneously from the individual cows with clinical mastitis, including 20, 25 and 20 cows from the three farms, respectively. Faecal samples and the raw milk of pretreatment (100 mL of raw milk cultured at 378C overnight in 1 mL of brain heart infusion broth) were directly streaked on KPC agar (CHROMagar, France) and incubated at 378C for 24 h. The suspected clones with a blue colour were selected and boiled to extract the DNA, and then subjected to 16S rDNA sequencing, using previously described primers. 10 Species identification was further conducted by MALDI-TOF MS (BrukerDaltonik GmbH, Bremen, Germany). The carbapenem-resistant isolates were screened for all the known acquired carbapenemase-encoding genes using previously described multiplex PCR assays. 11 The complete coding sequence of bla NDM was amplified with an additional pair of primers (NDM-up and NDM-dw). 12 
Conjugation and antimicrobial susceptibility testing
Conjugation by filter mating was performed between the 10 bla NDM-5 -positive K. pneumoniae isolates and the azide-resistant E. coli J53, using a selection based on meropenem (1 mg/L) and azide (100 mg/L). The MICs of a range of antibiotics for the bla NDM-5 -positive K. pneumoniae isolates, as well as their transconjugants, were determined using the broth microdilution method according to the recommendations of the CLSI document M100-S25 (2015). 13 The E. coli isolate ATCC 25922 was used for quality control.
Molecular analysis of bla NDM-5 -positive isolates and their transconjugants
The genetic relatedness of bla NDM-5 -positive isolates was investigated by XbaI PFGE and MLST as previously described for K. pneumoniae isolates. 14 In addition, multiplex PCR approaches were used to detect different types of b-lactamase genes, plasmid-mediated aminoglycoside resistance genes and plasmid-mediated quinolone resistance genes in the donor bla NDM-5 -positive isolates and their transconjugants, respectively. 15 Plasmid analysis S1 nuclease-PFGE and Southern blotting were performed to estimate the size of the bla NDM-5 -carrying plasmids in the transconjugants. Plasmids of the bla NDM-5 -positive transconjugants were extracted using a Plasmid Extraction Kit (Qiagen, Hilden, Germany). Plasmid incompatibility groups were determined by a PCR-based replicon typing method as previously described. 16, 17 RFLP was established by digesting the bla NDM-5 -carrying plasmids purified from the respective transconjugants with EcoRI restriction endonucleases (Takara, Dalian, China), followed by electrophoresis (8 V/cm) in a 1 % agarose gel. The complete sequence of the plasmid pNDM-Kpn-1 carrying bla NDM-5 in an E. coli transconjugant (originating from K. pneumoniae strain TQ-K1) was obtained by WGS according to protocols as described previously. 18 The genetic environment surrounding bla NDM-5 in the remaining nine plasmids was investigated by PCR mapping using the sequenced plasmid pNDM-Kpn-1 as a reference.
Results and discussion
In this study, 10 clones with a blue colour were obtained and picked from the KPC agar. These isolates were further identified as K. pneumoniae, including three isolates from farm 1, six isolates from farm 2 and one isolate from farm 3. To be noted, two K. pneumoniae isolates were recovered from raw milk and the remaining were isolated from faecal samples. All the K. pneumoniae isolates harboured a bla NDM-5 allele, which exhibited 100% nucleotide identity to that from E. coli strain EC405 (GenBank accession no. JN104597).
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The 10 bla NDM-5 -positive K. pneumoniae isolates exhibited resistance to almost all b-lactam antibiotics tested except aztreonam (MICs¼ 1 mg/L). In addition, all the isolates were resistant to gentamicin (MICs .256 mg/L) and only two isolates showed resistance to ciprofloxacin (MICs ≥8 mg/L), whereas the MICs of colistin and tigecycline for these bla NDM-5 -carrying strains were 1 -4 and 0.5 -4 mg/L, respectively (Table 1) , and all of the isolates were negative for the colistin resistance gene mcr-1. The 10 K. pneumoniae isolates were attributed to five STs by MLST, including: ST1661 from farm 1; ST2108, ST17 and ST530 from farm 2; and a novel ST2293 from farm 3. ST1661 and ST2108 K. pneumoniae have never previously been reported to carry carbapenem resistance genes, whereas the bla NDM-1 or bla OXA-48 gene has been identified to be associated with human K. pneumoniae ST17 and K. pneumoniae ST530. 19 -21 Notably, the three ST1661 isolates from farm 1 corresponded to PFGE pattern A1 -A2, and the four ST2108 strains from farm 2 corresponded to PFGE pattern B1 -B2, suggesting a clonal spread of bla NDM-5 -carrying K. pneumoniae within these two farms. Moreover, strain K11424 isolated from raw milk showed the same PFGE pattern (B1) and MLST type (ST2108) as two other strains (TQ-K1 and TQ-K4) from faeces of different cows from farm 2, indicating a contamination of bla NDM-5 -carrying K. pneumoniae in raw milk originating from cow faeces.
Conjugation was performed and all bla NDM-5 -carrying plasmids could be conjugated to the E. coli recipient. The transconjugants only exhibited resistance to b-lactams except aztreonam, including meropenem (MICs ≥16 mg/L), imipenem (MICs ≥32 mg/L), cefotaxime (MICs ≥256 mg/L) and ceftazidime (MICs .256 mg/L). PCR detection for the resistance genes revealed that the transconjugants only harboured bla NDM-5 , whereas the donor strains carried additional resistance determinants, including bla TEM-1 , bla SHV-1 /bla SHV-11 /bla SHV-26 and bla OXA-1 for b-lactam resistance, rmtB for aminoglycoside resistance and oqxAB, qnrS1, qnrB2 and aac(6 ′ )-Ib-cr for quinolone resistance, in different combinations (Table 1) . S1 nuclease-PFGE analysis of the transconjugants revealed that all bla NDM-5 -carrying plasmids exhibited a similar size of 46 kb (Figure 1a and b) . PCR-based replicon typing yielded negative results by using the scheme reported previously, 16 while the IncX plasmid replicon typing procedure confirmed that all the bla NDM-5 -carrying plasmids belonged to type IncX3. 17 Moreover, all these plasmids had identical patterns after RFLP-EcoRI digestion (Figure 1c) , indicating the similar genetic contents or backbone of these plasmids.
The bla NDM-5 -carrying plasmid pNDM-Kpn-1 from TQ-K1 was subjected to WGS and the whole plasmid sequence of 46 161 bp was obtained. This plasmid showed 99% nucleotide identity (46 157 of 46 161) with that of an IncX3 bla NDM-5 plasmid of 46 253 bp (pNDM-MGR194, GenBank accession no. KF220657), from human K. pneumoniae MGR-K194 previously reported in India. 22 In both cases, the bla NDM-5 gene was found to be adjacent to an upstream incomplete ISAba125, which is interrupted by the insertion of IS5 and further upstream an intact IS3000. Downstream of bla NDM-5 , there are ble, trpF, dsbC and a remnant of the ctuA1 gene that is truncated by the insertion of IS26. Notably, the aforementioned bla NDM-5 -containing genetic context from IS3000 to IS26 was detected in the remaining nine bla NDM-5 -carrying plasmids by PCR mapping and sequencing. These findings, combined with the RFLP analysis, demonstrated that the IncX3 pNDM-MGR194-like plasmid might be an epidemic vehicle mediating dissemination of the bla NDM-5 gene in K. pneumoniae from cows in Jiangsu Province. Since the 10 K. pneumoniae isolates recovered from three farms belonged to different STs, dissemination of bla NDM-5 involving the horizontal transfer of the plasmid among cow farms is likely. However, the clonal transmission of bla NDM -carrying isolates such as ST17 and ST530 K. pneumoniae from humans to dairy cows could not be 91 bla NDM-5 in K. pneumoniae from dairy cows JAC Table 1 . excluded, as bacteria of such STs have been reported to carry carbapenemase genes in humans and this requires further investigation. 19 -21 pNDM-MGR194 is a self-transmissible plasmid without other resistance determinants, which was thought to be involved in the early stage during the evolution and spread of the bla NDM gene. 22 The pNDM-MGR194-like plasmid ( 47 kb, two minor differences from pNDM-MGR194) has been detected in one E. coli strain ST167 from a Chinese patient, which is the first report of a bla NDM-5 -carrying isolate in China, 23 and has been recently identified in four bla NDM-5 -positive E. coli strains responsible for various infections from four Chinese cities, the plasmids of which showed .99% (46 159 of 46 164) sequence identity to that of pNDM-Kpn-1 in this study. 24 pNDM-MGR194 belonged to the IncX3 group and, recently, the bla NDM genes (bla NDM-1 and bla NDM-5 ) have frequently been reported to be located on IncX3 plasmids among multiple enterobacterial species (E. coli, K. pneumoniae, Citrobacter freundii and Enterobacter cloacae) at various locations in China, 24, 25 implying that IncX3 plasmids may provide an efficient vehicle for bla NDM dissemination within bacterial strains and inter-species from humans. Findings in this study are concerning as they point towards the role of the IncX3 plasmid (maybe of human origin) in the spread of the bla NDM-5 gene in dairy farms and opened options to transmit bla NDM-5 -carrying plasmid/bacteria from animals to humans through the food chain (milk).
In conclusion, this study first identified that the bla NDM-5 -carrying K. pneumoniae isolates were disseminated among multiple dairy farms in Jiangsu, China. The bla NDM-5 gene was located on an 46 kb self-transmissible IncX3 plasmid in all isolates, and the genetic context of the IncX3 plasmids was nearly identical to that of the human K. pneumoniae plasmid pNDM-MGR194 previously reported in India and bla NDM-5 -carrying plasmids in clinical E. coli isolates from humans in China. Further studies will be necessary to unveil the full extent of the bla NDM-5 gene in bacteria from dairy cows and to investigate the prevalence of this bla NDM-5 -carrying plasmid among dairy farms in the whole country. 
